I. INTRODUCTION
Chemical substitution in the iron pnictide "122" compounds, which form in the tetragonal ThCr 2 Si 2 crystal structure, has uncovered a large class of superconductors. The superconducting state in these compounds is a topic of great interest, as it appears to have unconventional pairing symmetry 1,2 and exists in proximity to magnetic order. Understanding superconductivity in the iron pnictides may also offer insight into the unusual superconducting states in other classes of materials, such as the high-T c cuprates, heavy fermion intermetallics, and organic charge-transfer salts.
3 Transition metal substitution can effectively electron-dope the antiferromagnetic parent compound, yielding superconductivity when Co, Ni, Ru, Rh, Pd, and Ir replace Fe. [4] [5] [6] [7] In contrast, significantly higher transition temperatures of 35 K are achieved via hole-doping on the alkaline-earth site, although these values are still lower than the 55 K superconducting transitions seen in the related "1111" materials.
Despite their lower values of superconducting transition temperature T c relative to the 1111 materials, the 122 compounds can be prepared as large single crystals and are well-suited for experimental study. One particularly interesting aspect of the superconductivity in 122 materials is the similarity of maximal T c , 20-25 K, regardless of the transition metal substituent. In fact, this trend is known to be broken only in the case of SrFe 2−x Ni x As 2 4 and SrFe 2−x Pd x As 2 , 5 both exhibiting T c < 10 K. The temperature-chemical concentration phase diagram of SrFe 2−x Ni x As 2 ( Fig. 1 ) was recently studied. 4 As with other iron pnictide superconductors, Ni substitution into SrFe 2 As 2 initially suppresses the magneto-structural transition temperature T 0 , which for SrFe 2 As 2 occurs at about 200 K. The transition can be tracked to x = 0.15, where T 0 ≈ 40 K, but it is not observed in x = 0.16. Superconductivity is observed in the concentration range 0.10 ≤ x ≤ 0.22, with the highest values of superconducting transition temperature T c ≈ 9 K for 0.15 ≤ x ≤ 0.18. Bulk superconductivity is confirmed at x = 0.15 by the presence of full diamagnetic screening and a small specific heat anomaly at T c , whose magnitude is consistent with those observed in other 122 materials with comparable T c values. 8 The superconducting "dome" is asymmetric, with rather sharp onset and more gradual offset of superconductivity as a function of x. At the edges of the dome, the width in T of the superconducting transitions increases, and the diamagnetic screening fraction is substantially decreased. These characteristics may be taken as signatures of inhomogeneous superconductivity appearing at the edges of the superconducting phase region, even though the Ni distribution appears chemically homogeneous throughout the entire substitutional range.
In order to understand whether the reduced values of T c in SrFe 2−x Ni x As 2 are entirely coincidental, or whether there is something fundamentally different about the superconductivity in this system, a study of the effective carrier type and the properties of the superconducting state was carried out on single crystals of SrFe 2−x Ni x As 2 .
II. EXPERIMENTAL METHODS
Single crystals of SrFe 2−x Ni x As 2 were synthesized in excess FeAs and annealed in inert atmosphere. Details of sample preparation and characterization have been published. 4 Actual Ni concentration x was found to closely match nominal concentration. Measurements of the electrical resistivity, Hall effect, and thermoelec- tric power were carried out in a 14 T Quantum Design Physical Property Measurement System. Electrical resistivity was measured via a 4-probe technique using lowfrequency ac currents of 100 µA. Thermoelectric power was measured by applying a constant temperature difference of 0.7 K across each sample. Magnetization measurements were performed in a 7 T Quantum Design Magnetic Property Measurement System.
III. HALL EFFECT AND THERMOELECTRIC POWER
A comparison of the temperature T dependence of the Hall constant R H for SrFe 2−x Ni x As 2 is shown in Fig. 2 . The value of R H was calculated from the slope of the symmetrized transverse electrical resistivity ρ xy collected in magnetic fields −5 T≤ H ≤ 5 T. As shown in the inset of Fig. 2 , the ρ xy (H) data are linear with a negative slope in H < 5 T, indicating the existence of a dominant electron-like signal. For all Ni concentrations, these values of R H at room temperature correspond to a density of carriers of about 10 22 cm −3 in a one-band model. For x = 0 and x = 0.08, a change in carrier concentration coincides with the magneto-stuctural transition, yielding a low-T carrier concentration of 10 21 cm −3 . For higher x, R H is remarkably T -independent, although the superconducting transition is readily discernable. A clear trend towards lower or higher carrier number with Ni substitution can not be identified in these data. The uncertainty in the measurements is estimated at ±0.2 × 10 −9 m 3 /C, potentially masking any real x-dependence in the data. In contrast, in the case of BaFe 2−x Co x As 2 , such a trend is evident, with the variation in R H ≥ 1 × 10 −9 m 3 /C as a function of Co concentration.
9,10 While more precise Hall measurements are required to reach a conclusion about the actual variation in R H for SrFe 2−x Ni x As 2 , it seems clear that the magnitude is significantly smaller than that observed for the BaFe 2−x Co x As 2 system. For SrFe 2 As 2 , the low-T value of R H determined in this study is slightly greater than half of a previously published value, −13 × 10 −9 m 3 /C, 11 and significantly less than −25 × 10 −9 m 3 /C found for BaFe 2 As 2 , 9,10,12 although the complex Fermi surface of these materials makes it difficult to make any direct comparisons of carrier density between Ba and Sr materials. These results are also consistent with ARPES results showing that there is a dominant electron Fermi surface in Co-substituted BaFe 2 As 2 .
13,14
The temperature dependence of the thermopower S is shown in Fig. 3a for several values of x. The data qualitatively resemble those of Ba(Fe 1−x Co x ) 2 As 2 , which is superconducting, and Ba(Fe 1−x Cu x ) 2 As 2 , in which no trace of superconductivity has been found. lower temperatures, the T dependence is non-monotonic. In SrFe 2 As 2 , S(T ) changes sign, which is also observed in CaFe 2 As 2 .
15 Upon electron doping, regardless of the alkaline earth species, the thermopower is negative below room temperature. In SrFe 2−x Ni x As 2 , the low T thermopower data increase in magnitude monotonically, although a change of slope occurs at a higher x-dependent temperature. In the case of x = 0.08, the local extremum in S(T ) corresponds to the magneto-structural transition. With increasing x, the extremum occurs at increasing T . However, at higher x it is not obviously correlated with any features in transport, magnetization, or heat capacity. While it is possible that the S(T ) minima might arise from changes in the Fermi surface, there are no corresponding features in the Hall data. An alternative explanation is that the relative mobilities of the various carrier species are changing. The magnitude of S(T ) is maximal with a value of about -20 µV/K at x = 0.16, which has the highest superconducting transition temperature T c . This value of S is less than half that of the maximum value in Ba(Fe 1−x Co x ) 2 As 2 , and is smaller also than that of Ba(Fe 1−x Cu x ) 2 As 2 . As in the Ba122 case, both R H (T ) and S(T ) data sets are difficult to explain because there are multiple Fermi surfaces and the x-dependence of magnetic interactions is complicated. However, the x-dependent change in S(T ) noted in the Ba compounds is not readily apparent in SrFe 2−x Ni x As 2 , which features a more gradual change with x. Fig. 3b shows the magnetic field H dependence of S(T ) for x = 0.16. Here, H was applied along the c-axis. The superconducting transition is clearly visible, as its suppression by applied field, which is consistent with the electrical resistivity studies presented next.
IV. UPPER CRITICAL FIELD
The suppression with applied magnetic field H of the resistive superconducting transition of SrFe 2−x Ni x As 2 is illustrated in Fig. 4 for under-(x = 0.12), optimally-(x = 0.16), and over-doped (x = 0.20) concentrations. The data are normalized to the normal-state resistance for clarity. There is a clear qualitative change in the superconducting transitions across the superconducting concentrations. As noted previously, 4 the transition width is narrowest near optimal Ni concentrations. In fact, for x = 0.12, the resistive transition is incomplete down to 1.8 K, as shown in Fig. 4 , which may be due to macroscopic phase separation between superconductivity and antiferromagnetism, as is observed in Ba 1−x K x Fe 2 As 2 by µSR measurements. 16 Note also that this is consistent with the zero-field R(T ) transition presented earlier, 4 in which a second step is clearly visible. This possibility is an interesting contrast to the case of Ba(Fe 1−x Co x ) 2 As 2 , which instead supports the microscopic coexistence of superconducting and magnetic order. 17, 18 While local probes such as µSR or NMR are required for confirmation of true microscopic coexistence, these data suggest that electronic phase separation can arise also in the case of transition metal substitution.
The superconducting upper critical field H c2 , with H applied parallel to the c-axis, is shown in Fig. 5 for concentrations across the superconducting range. Here, H c2 is defined where the R(T ) data have half the normal state value (0.5 in Fig. 4) . With the exception of some curvature at low field, which is also seen in resistively determined values for other 122 superconductors, 19, 20 the H c2 (T ) curves are strikingly linear. The slope ∂Hc2 ∂T ranges from -1.8 T/K for x = 0.12 to a maximum value of -2.9 T/K for x = 0.16 at optimal doping, to -1.1 T/K for x = 0.22. These slopes are comparable to those reported for BaFe 2 As 2 and SrFe 2 As 2 under pressure, 
32-39
The inset of Fig. 5 shows the H c2 (T ) curves scaled with respect to T c0 , the value of T c at H = 0, and the reduced field
, which is defined such that the slope ∂H * ∂(Tc/Tc0) = −1. As shown in the inset of Fig. 5 , the scaling procedure collapses all H c2 (T ) data onto one curve, underscoring the already-noted similarity in H-dependence for all superconducting concentrations of SrFe 2−x Ni x As 2 . However, this plot also makes it clear that the Werthamer-Helfland-Hohenberg (WHH) estimate that H c2 (0) ≈ −0.7(T c0 ) ∂Hc2 ∂T is too low, because in SrFe 2−x Ni x As 2 , T c /T c0 = 0.3 at H * = 0.7, where the WHH model predicts T c should be 0.
49 At this low reduced temperature, the scaled upper critical curve is still linear, and shows no signs of saturation. In the presence of spin-orbit scattering and significant spin susceptibility, the value of H c2 (0) would typically be suppressed with respect to the bare WHH estimate. (Color online) Upper critical field Hc2 of SrFe2−xNixAs2, determined via resistivity, for different field orientations. Inset: Anisotropy of Hc2, which shows stronger temperature dependence at optimal doping.
In addition, the weak-coupling estimate of the paramagnetic critical field H P ≈ 1.84T c yields values comparable to those determined by the WHH formula. In other words, both conventional estimates of the paramagnetic and orbital limiting fields underestimate the actual H c2 (0). This characteristic has been noted in other iron pnictide superconductors and is discussed in a recent review. 50 An extrapolation of the linear H c2 (T ) slope to T = 0 K yields a nominal limiting value of 25 T for x = 0.16. Actually, this extrapolation may be quite accurate, as an almost linear H c2 (T ) is observed for H c in Cosubstituted SrFe 2 As 2 thin films.
22 Superconducting coherence lengths ξ = (Φ 0 /2πH c2 ) 1/2 , where Φ 0 is the flux quantum, range from about 10 nm to 3.5 nm for the range of H c2 (0) values observed in SrFe 2−x Ni x As 2 . For comparison, the value of ξ = 3 nm was determined for BaFe 1.8 Co 0.2 As 2 via scanning tunneling microscopy.
51
Note that the low-H tails of the H c2 (T ) curves, which are rather large for x = 0.14 and 0.15, have been ignored in the preceding analysis. Instead, the H → 0 limiting slope has been fit above this region of large curvature, because estimating H c2 (0) using the low-H portion of the H c2 (T ) curves leads to an erroneous dramatic underestimate.
The H c2 (T ) curves were also studied with H applied perpendicular to the c-axis. In Fig. 7 , a fielddirection comparison is made for x = 0.12 and 0. 16 . As with all iron-based 122 superconductors, H applied perpendicular to the c-axis suppresses T c less quickly in SrFe 2−x Ni x As 2 . Especially visible for x = 0.16, there is increased curvature in H c2 (T ) relative to the H c case, which is again consistent with measurements on Co-substituted SrFe 2 As 2 thin films, 22 although due to the limited field and temperature range of the current measurements, it is unclear whether the H c2 (T ) curves extrapolate to the same value of H. The anisotropy H ab c2 /H c c2 is plotted in the inset of Fig. 7 . The anisotropy in x = 0.12 is roughly constant at a value of about 2.2, whereas the anisotropy in x = 0.16 varies from approximately 2.5 near T c to 1.5 at 0.5T c . This range of anisotropy values is consistent with both electron-19,25 and hole-doped 122 materials. 33, 34, 39 Considering the range of values of T c exhibited by these superconductors, the similarity is again noteworthy.
V. MAGNETIC PROPERTIES
The field-dependence of the superconducting state was also investigated via measurements of the magnetization M (T, H). The low-H M (T ) data show that SrFe 2−x Ni x As 2 exhibits a full Meissner effect near optimal doping, for 0.14 ≤ x ≤ 0.16. 4 In order to further compare the magnetic response of the superconducting state, the H-dependence at 1.8 K was studied for x across the superconducting dome. As Fig. 8 shows, there is a clear difference between optimally doped samples, and the under-and over-doped samples. Note that the x = 0.12 and x = 0.20 data have had a normal-state contribution subtracted because the superconductivity does not fully occupy the bulk. Aside from expected differences in H c2 and the lower critical field H c1 , the area of the M (H) loops is much larger near optimal doping. The x = 0.16 sample exhibits a secondary peak, as has been observed in other electron-doped 122 compounds, although the local minima at low H can be much deeper in other systems. 28, 52 In contrast, this phenomenon is not observed in the x = 0.15 sample. Such fishtail structures in M (H) hysteresis loops are thought to arise from vortex pinning effects, which raises an interesting question about whether the appearance of this behavior for x = 0.16 may be associated with the disappearance of magnetic order near x = 0.15 (Fig. 1) . However, a more systematic study is required to rule out simple disorder effects or sample dependence.
Turning to the M (H) data for x = 0.12, it is evident that the apparent value H c2 exceeds 7 T, as the M (H) loop has nonzero area up to 7 T, whereas the superconducting transition appears to be already suppressed by this field in ρ(T ) data (Figs. 4 and 5 ). This effect may be the result of macroscopic phase separation between magnetic and superconducting regions in the sample, where there is no superconductive path between isolated superconducting sections. Alternatively, the nonzero area in M (H) may be due to a small, uncorrected-for ferromagnetic contribution, similar to that observed in undoped SrFe 2 As 2 .
30 In contrast, the x = 0.20 sample exhibits the opposite: a much lower H c2 in M (H) than in resistance data, which can be ascribed to the persistence of tiny connected regions of supercurrent that offer ineffective diamagnetic screening. In addition, the M (H) data for x = 0.18, which are not shown, exhibit inhomogeneous superconductivity, despite being chemically homogeneous as determined by energy dispersive x-ray spectroscopy. 4 There exists a large variation in T c and volume fraction between samples for x ≈ 0.12 and 0.18 ≤ x ≤ 0.2, suggesting that the superconducting region of the phase diagram is not really a rounded dome, but rather that the superconductivity onset and offset as a function of x are sharp. Again, local probes such as µSR or NMR are required to confirm this scenario.
It is instructive to check whether the anisotropy of the superconducting state evident from transport measurements is also seen in the M (H) data. Figure 9 confirms that there is sizable magnetic anisotropy for optimallydoped x = 0.15. (Demagnetization effects have been corrected for.) With H c, the magnetization in the superconducting state is almost an order of magnitude larger than with H in-plane. This behavior is consistent with that observed in BaFe 1.8 Co 0.2 As 2 .
53 Concomitantly, the value of H c1 , as estimated from the local minimum in the virgin M (H) curve, is larger for H c, with H two H orientations and indicates full diamagnetic screening. A summary of quantities derived from the low-T M (H) data for H ⊥ c is presented in Fig. 10 . The values of H c1 were determined from the local minimum in the virgin M (H) data. These values are about a factor of 4 larger than the value of H at which M (H) starts to deviate from linearity. This alternative criterion for defining H c1 is more difficult to apply precisely because of curvature in M (H) at fields below the local minimum. Estimates of the superconducting volume fraction are based on the initial slope of the virgin M (H) curves and are consistent with values determined from low-H M (T ) data. 4 Magnitudes of the critical current J c have been estimated using the Bean model. For the optimallydoped samples, J c = 3 × 10 
VI. DISCUSSION
The present study has uncovered several interesting properties of the SrFe 2−x Ni x As 2 system. First, neither the R H (T ) or S(T ) data reflect an obvious increase in carriers, although both measurements appear to be dominated by negatively-charged carriers. Second, despite the relatively lower values of T c , there is nothing strikingly different about the superconducting state in SrFe 2−x Ni x As 2 , at least in the bulk properties that have been probed in this study. However, it is intriguing that ∂Hc2 ∂T values are comparable to those in electron-doped, pressure-induced, and strain-induced 122 superconductors, despite the variation in T c (Fig. 6) .
Recent angle-resolved photoemission measurements have revealed that in both K-and Co-substituted BaFe 2 As 2 , superconductivity requires the presence of both electron and hole pockets, and that the nesting conditions differ between hole-and electron-substituted materials. 13, 56 This difference may explain the variation in T c values, and perhaps even H c2 slopes, between the cases of hole and electron doping in the 122 materials. The multiband nature of the superconductivity can also explain the inapplicability of standard estimates of spin-and orbital-limiting critical fields. 50 It might further be expected that the disappearance of superconductivity would coincide with a change in Fermi surface. Indeed, it is argued that the temperature dependence of the Hall effect disappears at the end of the superconducting dome in Ba(Fe 1−x Co x ) 2 As 2 .
10 However, in the case of SrFe 2−x Ni x As 2 , such an effect is not observed, as the values of R H look to be independent of x to within experimental error. Moreover, there is no dramatic change in S(T ) as a function of x either, which suggests that variations in the Fermi surface between superconducting and normal states in SrFe 2−x Ni x As 2 are more subtle.
This absence of obvious changes in the Fermi surface is possibly related to the relatively narrow superconducting dome and the low values of T c . The Fermi surface topology required for superconductivity, e.g. for effective hopping in an s ± model, 2 may be less well realized in SrFe 2−x Ni x As 2 compared to other 122 superconductors, over a smaller range of x, leading to a smaller number of superconducting carriers and lower T c . This simple explanation does not, however, account for the similarity in ∂Hc2 ∂T values. The apparent similarities between the superconducting states in different 122 materials must also be interpreted cautiously. For example, in both SrFe 2−x Ni x As 2 and pressure-induced 122 superconductors, full diamagnetic screening is observed over only part of the entire superconducting range. 21, 57 However, this is not true for all electron-doped 122 compounds, because in Ba(Fe 1−x Co x ) 2 As 2 , full screening is observed for all superconducting concentrations. 58 Currently, it is not clear whether such differences are intrinsic, or sampleand measurement-dependent. Experimental and theoretical investigation of the differences between the Fermi surfaces in Co-and Ni-substituted SrFe 2 As 2 may help shed light on this issue.
To summarize, Hall effect and thermoelectric power measurements on SrFe 2−x Ni x As 2 are consistent with a dominant electron-like response, as is seen in other transition metal substitution studies of 122 superconductors. The slope of the upper critical field ∂Hc2 ∂T is linear over a wide temperature range and appears to defy conventional estimates of paramagnetic and orbital limits. Despite lower values of T c in this Ni-substitution series, values of ∂Hc2 ∂T are comparable to other electron-doped 122 superconductors with higher T c . For samples exhibiting maximum T c ≈ 9 K, full volume fraction superconductivity is observed, while samples exhibiting lower T c seem to exhibit inhomogeneous superconductivity, with disconnected superconducting regions on the underdoped side and tiny connected regions of superconductivity on the overdoped side. Further investigation of possible magnetic/superconducting phase separation and details of the Fermi surface evolution are called for.
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